I. INTRODUCTION
A XIAL flux machines (AFMs) and transverse flux machines (TFMs) offer a higher torque density than radial flux machines (RFM) [1] . It has been shown that AFMs with ferrite magnets offer at least two times the torque density of RFMs with ferrite magnets' in direct-drive applications [2] . These machines are characterized by low speed and high torque. This is ideal for direct-drive applications such as wind generation and in-wheel motors. Cogging torque is an important issue in these types of applications, such as in small wind turbines when I. Husain is with the Department of Electrical and Computer Engineering, North Carolina State University, Raleigh, NC 27695-7571 USA (e-mail:,ihusain 2@ncsu.edu).
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cogging torque results in start-up difficulties and compromises the overall structural integrity of the system [3] . The benefits of TFMs over other RFMs and other TFMS are presented in [35] and [36] .
Various techniques have been reported in the literature addressing the issue of cogging torque. The common method of cogging torque reduction in surface permanent magnet machines is reported in [4] . The methods range from the use of notches, pole widths, and skewing. A review of these techniques applied to interior permanent magnet machines is presented in [5] . Slot and pole number selections also play an important role in cogging torque minimization [2] . Cogging torque reduction in an AFM is presented in [2] and [6] . The concept of magnet skewing and different magnet shapes is discussed in [7] . The shapes of magnets played an important role in cogging torque reduction with circular magnets having the highest reduction in cogging torque. The authors concluded that skewing is a cost-effective method of cogging torque reduction in surface permanent magnet AFMs. The authors in [8] presented detailed experimental results showing the benefits of skewing. Skewing has also been employed in TFMs [9] , [10] .
The use of alternate magnet pole arcs is proposed in [11] . In [11] , Aydin et al. proposed using different pole arcs for alternate magnets to alter the harmonic spectrum of the cogging torque. A careful optimization led to a reduction of the cogging torque. The concept of stator displacements in double-sided machines has also been proposed, in [12] , [13] . This method was very effective in cogging torque reduction. Symmetrical and asymmetrical shifts of the stators in TFMs were presented in [14] as a method of torque ripple reduction. Cogging torque reduction in double C-hoop stator TFMs through the optimization of slot widths is presented in [15] . The stator tooth shapes are also optimized to reduce cogging torque; this is presented in [16] . Cogging torque reduction in a unique flux-switching TFM was presented in [17] .
The effects of cogging torque reduction have been studied both analytically and through finite element analysis (FEA) [18] - [23] . Different methods for optimizing machines for low cogging torque have also been researched. A particle swarmbased method for cogging torque minimization in TFM was proposed in [24] . A method based on a design of experiment (DOE), such as the Taguchi method and response surface methodology, has been reported [25] - [29] . DOE-based optimization techniques allow for optimization with a small number of simulations. This paper investigates different techniques for cogging torque reduction on two machines. The machines have a doublestator single-rotor structure with an axial air gap. In the rotor, ferrite magnets are arranged in a flux-concentrating manner. One of the machines has E-cores with pole windings that are used in the stator [30] ; this is referred to as machine I in the rest of the paper. The second machine has quasi-U cores with ring windings in the stator [31] ; this is referred to as machine II. The effects of skewing of the stator cores, stator pole pitch, and stator displacement have been investigated in detail. The application of skewing and stator displacement in the axial flux TFM is proposed in this paper. A multilevel DOE based on the Taguchi method is then proposed for the optimization. In this design example a two-level DOE is presented. The search space and design variable are reduced in each level, making the optimization more detailed. Three-dimensional (3-D) FEA using flux 3-D is used to aid the investigation. Two experimental prototypes were fabricated and used for experimental verification of the FE models and cogging torque minimization techniques.
II. PARAMETERS OF REFERENCE FOR E-CORE AND QUASI-U-CORE MACHINES
The investigation into cogging torque reduction presented in this paper is based on two TFMs wherein the air gap flux is axial, the current is circumferential, and the flux in the stator back iron is in the transverse plane. In machine I, the E-core stators with pole windings are used. The isometric view of one pole pair is shown in Fig. 1 [30] . In machine II, quasi-U-core stators with ring windings are used, as shown in Fig. 2 [31] .
The rotor is the same in both machines and consists of fluxconcentrating ferrite magnets. The sandwiched magnet between the rotor cores allows for redirecting the flux direction produced by the magnet. The flux-focusing factor can be adjusted in the axial direction by the height of the rotor core, and it is not confined to the diameter of the air gap. The magnet directions are arranged to have the north poles of the two magnets either pointing toward each other or away from each other. In machine I, the E-core stators with pole windings are employed to use rotor cores at the two sides. The coils are arranged such that there is clockwise flux flow in the top right window and counter clockwise in the top left. The flux flow in the other side is the mirror of this. The magnetic polarity in the intermediate pole is the opposite; thus, the winding directions are reversed across each leg. A key difference between this AFM and traditional AFMs is that the flux in the back iron is in the transverse direction. A case study of a 1.2-kW, 400-rpm, 30-pole, single-phase machine is designed for direct-drive wind generators. The wind generator is based on the NREL swift 1 kW turbine [32] . The designed machine was optimized using FEA in accordance with the design considerations presented in [30] . The key parameters are given in Table I .
In machine II, quasi-U-core stators with intermediate poles and ring windings are used. One core carries the flux from the center rotor to the outer rotor, and the other stator carries the flux from the center rotor to the inner rotor. These are alternately arranged on both the upper and lower sides. This results in a better magnet utilization compared to traditional TFMs. A case study of a 1.2-kW, 400-rpm, 30-pole, single-phase quasi-U-core TFM is designed, and its key parameters are shown Table I . This machine is designed for direct-drive applications and optimized using FEA.
III. PARAMETRIC DEFINITION
The two machines studied in this paper have the same rotor structure. The parametric definition of the rotor is presented in Fig. 3 . The parametric definition of the stator is presented in Fig. 4 . The parameters defining the machine structures are provided in Table II. IV. COGGING TORQUE Permanent magnet machines with slotted stators exhibit a variation of the magnet energy as the permanent magnets rotate. This is due to the interaction of the permanent magnet field and the slotted stators. The cogging torque can be expressed by (1)
where ϕ g is the air gap flux, R is the air gap reluctance, and θ is the rotor position. Due to the slotted nature of the stator, the air gap reluctance varies periodically; thus, it can be described by a Fourier series as
where T k and θ k are the amplitudes and phase of the kth harmonic, and N C is the least common multiple of the number of rotor poles and stator slots. It is evident from (1) that the reluctance or the air gap flux needs to be reduced for the reduction of the cogging torque. Reducing the air gap flux would result in decreasing the machine's performance output. Therefore, reducing the change of reluctance with respect to rotor position is the best way to reduce the cogging torque.
The permanent magnets are arranged in a symmetric manner in the studied machines; thus, the cogging torque due to each magnet is in phase with the others, resulting in a harmonic addition. Another method of cogging torque reduction would be to design the machine so that the harmonics sums to a lower peak cogging torque.
The cogging torque in electric machines can be computed using FEA or by using the virtual work method. Analytical methods of calculating cogging torque are another alternative to cogging torque. The machines under investigation are 3-D with complex flux paths. Thus, a 3-D FEA with commercial flux package is utilized to aid in the investigation and optimization.
V. COGGING TORQUE MINIMIZATION
Several methods exist for the minimization of cogging torque utilizing the principles mentioned in Section III. The application of these cogging torque reduction techniques for RFMs and AFMs is well documented in the literature. This paper examines the feasibility of applying some of the techniques on TFMs with a case study for machine I and machine II.
A. Rotor and Stator Pole Numbers
The first step in cogging torque minimization is to select the rotor and stator pole numbers. In multiphase machines, the slot/pole ratio is selected to minimize the cogging torque. It is common practice to employ fractional slot windings for the reduction of the cogging torque in multiphase machines. The winding factor is also kept high to achieve a low cogging torque. This study is based on TFMs that are generally single-phase machines per stack wherein the number of rotor poles is equal to the stator slots. The effect that the number of poles has on cogging torque is presented in this section.
In TFMs with ring windings, it is preferred to use a high number of poles because the slot space is independent of the number of poles; thus, it is possible to achieve electric loading Table II . The cogging torque, torque density, and power factor increase as the pole number increases in both machines. The increase is due to increased variation in the air gap reluctance and a higher frequency of air gap flux.
Each of the machines is optimized to maintain the same output torque by adjusting the electric loading, which can be expressed as in (3)
where p is the number of poles, I rms is the rms current per phase, N is the number of turns, and D g is the mid-diameter of the air gap. The current density and D g are kept the same in all of the different pole machines. Higher pole numbers allow for the designs to utilize a lower current; thus, to maintain the same current density, the machine is made smaller, resulting in higher torque densities. With increasing pole numbers, the current reduction also results in increased power factors for TFMs. The pole windings of machine I mean that it does not exhibit the same decoupling of slot space and pole numbers. As a result, the 42-pole version of machine I does not exhibit the same trend in terms of increased power factor and torque density.
The results from the case study for machine I and machine II indicate that a considerable amount of cogging torque needs to be addressed using different design techniques. Table III also indicates that the cogging torque is lower in machine II. In machine II, the change in reluctance is lower because for any given pole two stator poles link to two out of three available rotor poles. The drawback of this structure is the lower power factor due to the lower utilization of the rotor poles. Further analysis will be carried out on a 30-pole machine. 
B. Effect of Air Gap Diameter
The effect of air gap diameter on the 30 pole machines is presented in this section. The study has the constraint of maintaining the same outer diameter, flux-focusing factor, ratio of magnet length to central pole length, rotor pole width, and stator pole width. To facilitate the investigation, the air gap diameter D g is expressed via as a ratio as shown in the following:
where
The effect of varying λ for machine I is shown in Fig. 5 , and the effect on machine II is shown in Fig. 6 . As the air gap diameter is reduced, i.e., λ is less, the torque and cogging torque increase. A linear relation is observed for both the machines. The rate of change for cogging torque and average torque is the same for machine I, but for machine II the rate of reduction for average torque is more than peak cogging torque. Details on the effect of λ on torque density and power factor for machine I and II can be found in [30] and [33] .
C. Pole Width
The stator and rotor pole widths of the machine are shown in Fig. 7 . The pole widths and the ratio of rotor pole width to the stator pole width are important parameters in cogging torque minimization of conventional permanent magnet machines. The effect of these parameters on average torque and peak cogging torque in the case study machines is investigated in this section. FEA results as shown in Fig. 8 indicate that a higher ratio of rotor pole width to stator pole width results in lowering the peak cogging torque amplitude; however, a decrease in average torque is observed. As the ratio is increased, the change in air gap reluctance decreases, thus peak cogging torque is decreased. The lowest cogging torque with the highest average torque is achieved when the pole widths are the same. This suggests that changing the pole width ratios affect the harmonics of the cogging torque and leakage flux adversely. The trend is the same in both machines.
The effect of the pole width on cogging torque and average torque is shown in Fig. 9 . It is possible to increase both the average torque and reduce the cogging torque by increasing the pole widths. In this case, both SW and RW are maintained to be the same. An increase in the pole width results in reducing the air gap reluctance variation, and this aids in the cogging torque reduction. The effect of pole width is more significant in machine I; however, the increase in pole width also adversely affects the power factor and leakage. This is discussed in greater detail for the two machines in [30] and [33] . Higher pole widths result in more leakage between the intermediate poles for the machines. The leakage is higher in machine II, and this is translated into a lower average torque increase with an increase in pole widths, as shown in Fig. 9 . Thus, it is necessary to maintain an optimum pole width.
D. Skewing
Skewing is a popular method of cogging torque reduction in permanent magnet machines. Stator-and rotor-side skewings can be applied. It has been shown in the literature that skewing could theoretically reduce the cogging torque to zero; however, there are several manufacturing challenges to skewing in TFMs and AFMs. Traditionally due to the use of laminations, rotorside skewing is more popular in AFMs with surface magnets [2] . Manufacturing difficulties limit the use of rotor-side skewing in machines with embedded magnets.
The TFMs studied in this paper consist of rotor and stator cores laminated in the radial direction and embedded magnets arranged in a flux-concentrating manner. As a result, stator-side skewing, as shown in Fig. 10 , can be applied with minimal manufacturing challenges.
The effects of skewing on cogging torque and average load torque are presented in Fig. 11 . Skewing results in changing the harmonic contents of the cogging torque, as expressed in (2). The resultant change in the harmonic contents results in harmonic cancellation and thus also a lower cogging torque; however, this also results in a lowering of the back-emf torque and thus also lower average torque.
It is observed that a significant amount of cogging torque minimization is possible, but average torque also decreases. The trend in cogging torque reduction is more prominent in machine I than in machine II. This is because all of the rotor cores are utilized by a single stator core in machine I.
E. Stator Displacement
The case study machines have a double-sided stator arrangement that enables the application of stator displacement on both sides to reduce the cogging torque, as shown in Fig. 12 . The average torque remains unaffected if the currents in two stator sides are phase-shifted accordingly.
The effect of stator displacement is significant, as shown in Fig. 13 . The average torque is essentially constant throughout as the phase of the currents is adjusted accordingly. This method is the most effective in reducing cogging torque. The method essentially shifts the harmonics between the top and bottom stator cores such that they sum to a lower cogging torque; however, due to the spatial shift in the two sides, a large stator displacement essentially converts the machine into a two-phase machine, requiring a higher number of power electronic devices for commutation. The trend is similar for both machines under investigation.
VI. PHYSICAL EFFECT OF DIFFERENT COGGING REDUCTION TECHNIQUES
The cogging torque reduction techniques discussed in the previous section demonstrated that it is possible to reduce cogging torque at the cost of some other parameter. For example, higher pole width will reduce cogging torque at the cost of higher current density, higher skew angle would reduce cogging torque but would reduce average torque, and stator displacement would reduce cogging torque but complicate commutation strategies. A true optimum for cogging torque reduction would be a combination of the aforementioned techniques. Each technique reduces the peak of the cogging torque but affects the phase of the cogging torque in different ways. This is illustrated by the frequency spectrum of the cogging torque in Figs. 14 and 15. As this is a single-phase machine, the cogging torque has even harmonics and is at its highest at the second electrical harmonic. The different reduction cases compared to the baseline in Fig. 14 show a reduction in the phase magnitude and affects different orders differently. The phase angles with different techniques are also different as shown in Fig. 15 . This indicates that an optimum design considering the different reduction methods would require a multivariable optimization method.
VII. DESIGN-OF-EXPERIMENT-BASED OPTIMIZATION
The previous section demonstrated the need for a multivariable optimization for cogging torque reduction. TFMs are machines with 3-D flux paths, and thus 3-D FEA-based simulations are essential in the optimization of the machines to achieve higher accuracy; however, this is computationally intensive. Therefore, it is important to optimize the machine for cogging torque with a lower number of simulations. The Taguchi method is a form of DOE that allows for an optimization with a analysed. The ratio of average torque to peak cogging torque is identified as the key response for analysis. It is defined as
4) An analysis of means is performed on the results:
It is a statistical technique used to illustrate variations among groups of data. This method compares the mean of each group to the mean of the overall process to detect significant differences. Another statistical tool to aid the design is the signal-to-noise ratio. The signal-to-noise ratio with the "larger the better" target is used to identify the optimum design levels. It is defined as
where y represents the performance value. In this study, the statistical tool Minitab is used to aid the analysis. In this paper, the following Taguchi method is proposed to be used in multiple stages following the procedure as shown in Fig. 16 . The design example here presents the results in a two-stage optimization. In the first stage, the pole width, stator skewing angle, and stator displacement with four levels of vari- ation are selected for both machines, as shown in Table IV . The maximum possible stator displacement was 2.5°only while maintaining a 1/15th periodic model. The maximum possible skew was 7.5°. Thus, the maximum values in the optimization selected such that no combination exceeds the envelope of the 1/15th periodic model.
This results in the use of an L16 orthogonal array of possible combinations as shown in Table V . In all cases, the ratio of the average torque to peak cogging torque is selected as the response. The orthogonal array and the corresponding results for machine I and machine II are shown in Tables V and VI, respectively. This method allows for obtaining a trend of the best design results in only 16 simulations per machine instead of 64 if all combinations were to be simulated. This results in a significant reduction in the optimization time. After the simulations, the results are analysed. The response table of means and signal-to-noise ratios is shown in Tables VII and VIII for  machine I and Tables VII and X From the analysis, it can be determined that the design factor A (stator displacement) is the most significant followed by factor B and C. Thus, stator displacement between two sides was selected as 2.2 (level 4). In the second stage, the skew angle and pole width are analysed with a narrower search area. The array and corresponding results for the second stage are shown in Tables XI and XII. The results yielded an optimum skew of 3.7 and stator width of 8.25 mm for both machine I and machine II. Thus, with only 20 simulations it was possible to reduce the cogging torque to a peak of 1.86 Nm from 27.5 Nm while keeping the average Fig. 19 . Note that the cogging torque is slightly higher than it was in the DOE simulations. This difference is due to a better second-order machine in the final simulation. To speed up the optimization, only first-order meshes were considered in the design stage. The machine performance after the optimization process is shown in Table XIII. VIII. EXPERIMENTAL VALIDATION Two prototype TFMs to validate the FEA models were fabricated. The TFMs were developed with lamination steel M270_35A. The physical dimensions of the experimental machine were based on the model presented in this paper. The parameters related with cogging torque reduction, i.e., the slot widths, were based on the results of the optimization method presented in this paper. The design procedure for the rest of the machine parameters is based on [30] and [33] . The designs presented in this paper were based on using rectangular magnet shapes in the leakage reduction magnets. However, for cost reduction, the prototype only employed rectangular magnets. The magnet grades in the experiments were also lower than the designs presented in this paper. Details on the fabrication can be found in [30] and [33] . The prototypes were made so that axial air gap could be varied on both sides of the rotor. The distance between the stators was adjustable, as shown in Fig. 20 . The axial location of the bearing as shown in Fig. 21 could be adjusted to accommodate the change in the air gap. This flexibility of changing axial air gap length allowed the TFMs to be tested at different operating points and helped to validate and verify the FEA models. The same design features were incorporated in both the TFMs. The prototype also had an additional feature that allowed for a change in the stator displacement. This was achieved by selecting the holes through which the rods holding the stators would go through as shown in Fig. 21 . Machine II was also prototyped in a similar manner. The final prototype of machine II is shown in Fig. 22 .
The test setup for the prototype is shown in Fig. 23 . The machine was connected with a PMSM motor and controlled via dSpace Microautobox. The cogging torque peak was measured by the torque transducer by observing the torque required to achieve motion in the shaft. The back-emf waveforms for the two machines via experiments and FEA model at various air gaps is shown in Figs. 24 and 25 . The model was calibrated using data from the highest air gap in machine I and verified with the back-emfs for both machines at different air gaps. A good corelation was observed between the simulation model and experimental prototype.
The cogging torque of machine I at different stator displacements and air gaps is shown in Table XIV. The cogging torque was measured by applying a load torque to drive motor and observing the point at which motion was achieved. The results from machine II are shown in Table XV . A good corelation between the experimental results and simulation results validates the investigations in the prior sections. Details regarding prototyping and loaded results can be found [30] , [33] . The power factor of the final machine is shown in Figs. 26 and 27 . More details on this particular experiment is in [30] and [33] . 
IX. CONCLUSION
This paper presents different designs considerations for cogging torque reduction in TFMs with pole windings and ring windings, respectively. The paper investigates the effect of pole numbers, pole width, skewing, and stator displacement for cogging torque minimization. The techniques discussed in this paper had a greater influence on machine I, which had E-core stators. This was due to higher rotor core overlap in this machine. This design difference was also the reason for the lower initial cogging torque in machine II, which had the quasi-Ucore stators. Based on the initial analysis, three base factors for cogging torque reduction are selected. A multilevel Taguchi method based on DOE is then proposed to optimize the four factors for reducing cogging torque without considerably sacrificing the average torque output. A two-level DOE was used in optimizing the case study machines. A total of 90% reduction in peak cogging torque with a 9% reduction in average torque of machine I indicates the advantages of the proposed method. FEA models were used in the investigations, and the model was validated on two experimental prototypes. The effect of stator displacement on cogging torque reduction was also demonstrated experimentally on the prototype machine.
